Introduction
As an important component of complementary and alternative medicine, traditional Chinese medicine (TCM) plays a key role in many disease therapies and is practiced worldwide. 1, 2 One naturally active product isolated from gamboge resin taken from the Garcinia hanburyi tree is gambogic acid (GA), which has significant antitumor activity. [3] [4] [5] GA can also induce the apoptosis of cancer cell by suppressing the nuclear factor-κB (NF-κB)-signaling pathway, which in turn suppresses the vascular endothelial growth factor receptor 2 (VEGFR2) signaling pathway. [6] [7] [8] [9] The content of many active components extracted from TCM is very low, and drug research and exploitation based on TCM is costly. The toxicity impact on normal cells and tissues is also one of the most important factors affecting the extensive use of GA in disease therapy. Accordingly, strategies have been proposed to reduce its cytotoxicity, such as structure modification, new different dosage forms, and drug carriers, to find new therapy targets. [10] [11] [12] Meanwhile, nanomaterials have greatly stimulated research of drug delivery and therapy optimization because of their high volume-to-surface ratios, surface tailorability, and multifunctionality. 13, 14 The development of nanotechnology can also provide new opportunities for the investigation and exploitation of some active compounds based on TCM.
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Semiconductor nanomaterials are widely exploited because of their superoptical properties and other distinct characteristics of nanomaterials, such as a high volumeto-surface ratio. 15 For biological and clinical applications, quantum dots (QDs) are widely studied for various purposes including labeling, imaging, targeted drug delivery, and photodynamic therapy. [16] [17] [18] Various types of QDs have been extensively explored and utilized in cell-or animal-based evaluations of toxicity and biocompatibility in vitro or in vivo, even at the molecular level. [19] [20] [21] Cadmium-tellurium (CdTe) QDs are typical semiconductor nanomaterials with good fluorescence characteristics; they have attracted considerable attention because of their unique optical properties and their potential applications in the manufacturing of chemical sensors, optical switches, display devices, and biological labels. 22, 23 CdTe QDs can also enter the cell nucleus through nuclear pore complexes in live human macrophages and lead to human breast epithelial cancer cell (MCF-7) death. 24 Thus, CdTe QDs have potential applications as stable fluorescence probes in the field of biomedicine, as well as utility for disease tracing and diagnosis; 25 with functional modifications, CdTe QDs may be widely studied for use in other fields, for instance, for drug delivery or as assistant reagents.
In this study, CdTe QDs were modified by cysteamine (Cys) with a positively-charged surface. These functional QDs were studied as multifunctional nanomaterials for both labeling of cancer cells and drug delivery of GA. Figure 1 illustrates the possible labeling and combined therapy processes of fluorescent GA-CdTe nanocomposites as an integrated multimodal diagnosis and anticancer therapeutic agent. These new fluorescent cationic CdTe QDs can significantly enhance the biocompatibility of CdTe QDs and facilitate the electrostatic interaction and self-assembly of positively charged Cys-CdTe QDs with negatively charged GA molecules to form novel GA-CdTe nanocomposites. The synergetic effect of these GA-CdTe nanocomposites for human liver hepatocellular carcinoma cell line (HepG2) cells was further investigated in vitro. As a good fluorescence probe and potential drug carrier, these CdTe QDs can optimize the new potential therapy method for GA by cancer cell labeling and inhibition.
Experiments
Materials and reagents
GA (molecular formula, C 38 H 44 O 8 ; Kanion Pharmaceutical Co., Ltd., Jiangsu, People's Republic of China) was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St Louis, MO, USA), stored at −20°C, and then diluted as needed in Roswell Park Memorial Institute medium (RPMI) 1640 medium (Life Technologies, Carlsbad, CA, USA). We purchased 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) from Sigma-Aldrich. All other reagents used in this report were analytically pure.
Cys-CdTe QDs were prepared as described elsewhere. 26 In a typical procedure, GA was diluted with phosphatebuffered saline (PBS) (pH 7.4), mixed into a Cys-CdTe QDs suspension, and kept in a refrigerator at 4°C for more than 24 hours to prepare the GA-CdTe nanocomposites. These GA-CdTe nanocomposites were separated by centrifugation at 15,000 rpm for 20 minutes, and the supernatant GA was determined by high-performance liquid chromatography (HPLC) as shown in our previous report. 27 Particle size distribution was measured with a Zetasizer NanoZS size analyzer (ZS90; Malvern Instruments, Malvern, UK) using Dynamic Light Scattering of GA-CdTe nanocomposites. The diameter of the Cys-CdTe QDs was about 3 nm, and MTT assay for the proliferation of hepg2 cells in the presence of cys-cdTe QDs, ga molecule, and ga-cdTe nanocomposites HELF and HepG2 cells (5 × 10 3 /mL) in the log phase were trypsinized and seeded onto 96-well plates. After 24 hours incubation, the cells were rinsed in RPMI 1640 medium and incubated with different concentrations of CdTe QDs (6.25, 12.5, 25, 50, 100, and 200 nM) for 48 hours. The MTT solutions were added after treatment, and the cells were incubated for another 4 hours. DMSO was added to the solubilize formazan crystal, and OD 570 (optical density at 570 nm) was recorded. Every experiment was repeated at least three times.
GA-CdTe nanocomposites
Drug delivery
Cell cytotoxicity
Cell labelling
The GA solutions and GA-CdTe nanocomposites were diluted with PBS (pH 7.4) and cultured with HepG2 cells having different concentrations of GA or nanocomposites. The procedure for the cell cultures and treatment of GA and GA-CdTe nanocomposites was similar to that of the MTT assay above.
labeling and imaging of hepg2 cells cultured with cdTe QDs and ga-cdTe nanocomposites
HepG2 cells (5 × 10 4 /mL) were cultured with Cys-CdTe QDs (10 nM) or GA-CdTe nanocomposites for about 12 hours and collected. The pellets were resuspended with PBS and centrifuged by the same procedure, and the supernatant solutions were discarded. The pellets were resuspended with PBS to eliminate the effect of the medium on fluorescence detection. The cell suspension was detected on a Leica TCS SP2 (Leica Microsystems, Wetzlar, Germany). The freshly prepared cell culture was dropped on a cleaned glass plate immediately before the measurement. The excitation wavelength of the fluorescence was 480 nm and the emission wavelength of the QD was 565 nm. All the optical measurements were carried out at room temperature (20°C ± 2°C).
cell morphological assessment with DaPI staining
Cancer cells were inoculated onto glass coverslips in a sixwell plate. After 24 hours, cells were treated with different drug systems containing 0.5 µg/mL GA, and 0.5 µg/mL GA conjugated with 5 nM CdTe QDs at 37°C for 24 hours. Afterwards, the HepG2 cells were washed with PBS twice and fixed with methanol for 15 minutes. The fixed cells were then stained with 4′,6-diamidino-2-phenylindole (DAPI) fluorochrome dye (Santa Cruz Biotechnologies, Inc., Santa Cruz, CA, USA) and observed under a fluorescent microscope (IX51; Olympus Corporation, Tokyo, Japan) with a peak excitation wavelength of 340 nm and an emission wavelength of 488 nm.
apoptosis assay of ga and ga-cdTe nanocomposites for hepg2 cells HepG2 cells were treated with GA or GA-CdTe nanocomposites, collected by centrifugation at 1,000 rpm for 5 minutes, and then washed with PBS twice. The pellets were resuspended with PBS, centrifuged, and the supernatant solutions were discarded. Subsequently, 500 µL of binding buffer was added, mixed with 5 µL of annexin V-FITC solution (Nanjing Keygen Biotech Co., Ltd., Nanjing, People's Republic of China), and then added with 5 µL of propidium iodide solution. All the volumes of reagents solutions and empirical procedure were followed by the reagent instruction, so there is no concentrations for the reagents. The resulting mixture was kept at room temperature in the dark for 10 minutes. Flow cytometry analyses were performed using a FACS Vantage flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA), in which the excitation wavelength was 488 nm and the emission wavelength was 530 nm.
cell cycle analysis of ga and ga-cdTe nanocomposites for hepg2 cells HepG2 cells were treated with the same drug systems previously mentioned, collected by centrifugation at 1,000 rpm for 5 minutes, washed with PBS twice, and then stained with 25 µg/mL propidium iodide solutions. Cell cycle analysis was performed using a Cycletest plus DNA reagent kit (Nanjing Results and discussion cytotoxicity of cdTe QDs for hepg2 and helF cells
The cytotoxicity of CdTe QDs to HepG2 and HELF cells was studied; the results are shown in Figure 2 . The cytotoxicity of the CdTe QDs for HepG2 and HELF cells was found to be dose dependent. Low cytotoxicity with more than 92% survival rate was observed when the QD concentration was less than 12.5 nM, but cytotoxicity significantly increased when the QD concentration was more than 25.0 nM. The half maximal inhibitory concentration (IC 50 ) of the QDs for HepG2 cells was about 58.9 nM. Findings also indicated that the IC 50 of CdTe QDs for HELF cells was 58.1 nM. 27 Compared with the QD cytotoxicity of other cancer cells such as K562 and K562/A02, the CdTe QDs had little effect on both HELF and HepG2 cells. The concentration of CdTe QDs can be controlled and maintained using a suitable concentration for possible biological and medical application. Accordingly, we chose 10.0 nM CdTe QDs for subsequent studies.
cytotoxicity of ga and ga-cdTe nanocomposites to hepg2 cells As active compounds extracted from natural plants, GA exhibits anticancer activity and induces the apoptosis of several kinds of cancer cells. In this work, the cytotoxicity of GA to HepG2 cells was further studied and the results are shown in Figure 3 . Inhibition of the procreation of HepG2 cells increased with increased GA concentration and culture time. The cytotoxicity of GA to HepG2 cells was dose-dependent and time-dependent. The IC 50 of GA was about 2.47, 1.19, and 0.45 µg/mL after the HepG2 cells were treated with GA for 24, 48, and 72 hours, respectively. Thus, the naturally-active molecular GA was also sensitive to HepG2 cells.
The GA-CdTe nanocomposites were introduced into the cells to investigate the cooperative effect of cytotoxicity. As shown in Figure 3 , cytotoxicity was markedly enhanced and exhibited dose and time dependence. The inhibition rate significantly increased with increased culture time compared with other active natural compounds. In the presence of CdTe QDs, the IC 50 of GA was 1.35, 0.28, and 0.15 µg/mL after 24, 48, and 78 hours, respectively. The IC 50 volume of GA under different drug systems was compared and the results are shown in Figure 4 . The IC 50 of GA for HepG2 cells significantly decreased in the presence of CdTe QDs after the same culture time. The IC 50 volume of GA for 48 hours in the GA-CdTe nanocomposites system was even less than that for 72 hours in the negative control with only GA. Thus, the time was especially shortened to obtain the same cytotoxicity results. Compared with the negative control treated with GA, cell viability significantly decreased in the nanocomposite system. This synergetic effect also exhibited a slight increase after culture. Thus, we can presume that CdTe QDs can act as good drug carriers. Similar to our previous report, the cytotoxicity of GA and GA-CdTe nanocomposites for HELF cells was much less than that for leukemia cancer cells, indicating that GA was much safer for normal human cells. QDs have better fluorescence compared with traditional organic dye agents and are widely studied as a fluorescence probe in the biomedical field. In this study, Cys-modified CdTe QDs were also investigated for cancer cell labeling and imaging. Figure 5A shows no fluorescence for HepG2 cells in the negative control systems treated with GA, and HepG2 cells cannot be easily detected. After incubating the cancer cells with CdTe QDs, HepG2 cells were easily detected by laser confocal fluorescence microscopy, and the results are shown in Figure 5B . After the HepG2 cells were cultured with GA-CdTe nanocomposites in the positive system, the cancer cells could be observed by the generated fluorescence of the CdTe QDs. No apparent difference was observed in the fluorescence intensity between the negative and positive systems, as shown in Figure 5B and C. Given that no fluorescence was found for GA molecules and the cell, 27 intracellular fluorescence was generated only by the CdTe QDs, and the nanocomposites did not affect the fluorescence intensity of the CdTe QDs. According to the above results, CdTe QDs and GA-CdTe nanocomposites in drug delivery can be studied as fluorescence probes for labeling and imaging HepG2 cells. These materials can also be investigated to detect and trace the changes in target cells in real-time.
analysis of cancer cells apoptosis induced by ga and ga-cdTe nanocomposites GA can cause the apoptosis of some cancer cells such as K562 and K562/A02 cells to create cytotoxicity. In this study, we examined amorphous changes in different cell systems treated by drugs or nanocomposites. Figure 6A shows that the HepG2 cells in the blank group were stained with weak fluorescence using the equally distributed chromatin in the nucleolus, indicating the healthy condition of the cells. After treatment with GA for 24 hours, some HepG2 cells were detected with typical cytomorphological features of apoptosis, such as cell shrinkage, chromatin condensation, and the presence of apoptotic bodies, as shown in Figure 6B . After incubation with 0.5 µg/mL GA-CdTe nanocomposites for 24 hours, more HepG2 cells emitted bright fluorescence and displayed typical phenomena of apoptosis, including chromatin condensation, nucleolus pyknosis, and nuclear fragmentation ( Figure 6C) .
Flow cytometry was then used to quantitatively investigate the apoptosis of HepG2 cells. After 24 hours of culture, the total apoptosis rate was 8.9% in the blank experiments of HepG2 cells, as shown in Figure 7B . After the cells were 
3734
Xu et al cultured with GA (0.5 µg/mL), the early apoptosis and late apoptosis rate increased to 17.6% and 5.1%, respectively ( Figure 7C ), and no significant difference was observed compared with the blank experiments. After the GA-CdTe nanocomposites were introduced into HepG2 cells, the apoptosis rate increased to 49.1%, with the early apoptosis rate increasing to 24.0% and late apoptosis rate increasing to 25.1%, as shown in Figure 7D . Figure 7A shows a significant increase in cell apoptosis rate compared with the blank and negative experiments of the GA-cultured cells. Based on all these observations, we presume that CdTe QDs can act as a drug carrier to facilitate drug GA delivery and transport them into HepG2 cells. The GA-CdTe nanocomposites had an apparent synergistic effect on the drug uptake of GA in HepG2 cells, leading to the apparent apoptosis of targeted cancer cells. The GA-CdTe nanocomposites can strengthen the drug action of GA for HepG2 cells by enhancing drug accumulation in cancer cells. CdTe QDs may have an important role as a new strategy for the effective treatment of targeted cancers.
effect of ga and ga-cdTe nanocomposites on cells cycle by flow cytometry analysis
The following cell cycle study was conducted to investigate the relative mechanism of the above systems. According to a previous Figure 8B shows that the ratio of the G 0 /G 1 phase was about 50.43%, whereas the ratio of the S phase was about 34.69%, in the blank experiments of HepG2 cells. These results indicated that CdTe QDs had a small effect on HepG2 cells cycle, with 54.38% G 0 /G 1 phase and 26.15% S phase, as shown in Figure 8C . After the cells were cultured with GA for 24 hours, the ratio of the G 0 /G 1 phase increased to 60.29%, whereas that of the S phase decreased to 22.25%, as shown in Figure 8D . When the HepG2 cells were cultured with GA-CdTe nanocomposites for 24 hours, the G 0 /G 1 phase increased to 68.92% and the S phase decreased to 14.22%, as shown in Figure 8E . Figure 8A shows the comparison among the effect of GA,CdTe ODs and GA-CdTe nanocomposites for HepG2 cells' cycle. An obvious arrest by about 20.30% for the G 0 /G 1 phase compared with the GA-treated system was observed. Thus, the GA-CdTe nanocomposites can enhance the cytotoxicity of GA to inhibit the growth of HepG2 cells by perturbation of the cycle signaling network (through the G 0 /G 1 phase).
Conclusion
Novel fluorescent GA-CdTe nanocomposites based on GA and CdTe QDs were studied for HepG2 cancer cell imaging and combined treatment. Abbreviations: ga, gambogic acid; cdTe QDs, cadmium-tellurium quantum dots; ga-cdTe, nanocomposites based on ga and cdTe QDs; hepg2, human liver hepatocellular carcinoma cell line.
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